Lymphosarcoma (malignant lymphoma) is the commonest hematopoietic tumor in the cat. Many cases are associated with feline leukemia virus (FeLV) infection, but epidemiologic and experimental data suggest that feline immunodeficiency virus (FIV) may also have a role in lymphomagenesis. In this paper, we describe the clinical presentation, histologic classification, and immunophenotype of lymphosarcoma in eight domestic cats with natural or expenmental FIV infections. The tumors were often of unusual distribution, with the majority of cases conforming to the least common anatomic classification of "miscellaneous." Histopathologic and immunophenotypic analysis using a panel of anti-cat and cross-reactive anti-human monoclonal and polyclonal antibodies identified seven of these tumors as high-grade B cell lymphomas of the centroblastic or immunoblastic subtypes. The remaining case was a T-cell tumor associated with a concurrent FeLV infection. Our findings, together with the results of an analysis of FIV proviral DNA in these tumors, indicate that the B-cell lymphosarcomas were comparable to those observed in human and simian immunodeficiency virus infections and that the role of FIV in lymphomagenesis is indirect and related to the potential for malignant transformation during polyclonal B cell activation.
Lymphosarcoma (malignant lymphoma) is the commonest hematopoietic tumor in the cat and most cases are induced by feline leukemia virus (FeLV)." However lymphoid tumors, especially alimentary lymphosarcoma, also occur frequently in FeLV-negative cats, although it has not been possible to be certain that these cats have not been exposed previously to FeLV.IoJ9 The possibility that agents other than FeLV promote oncogenesis has been suggested by the fact that lymphosarcoma has been reported in cats kept in specific-pathogen-free conditions with no previous contact with FeLV.*J7 One of these cats had been experimentally infected with feline immunodeficiency virus (FIV). ' Although little is known of the role of FIV in lymphomagenesis, epidemiologic and clinicopathologic studies have recorded the occurrence of tumors, including lymphosarcoma, in FIV-infected cats without known exposure to FeLV. 1,L4~16, 34, 40 In addition, other lentiviral infections, notably human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) infections, are associated with the development of high-grade, B-immunoblastic l y m p h~r n a s .~~~~~~~~~~ In humans, the development of these tumors is considered to be related to the immune dysregulation induced by HIV; this hypothesis is fully consistent with the known occurrence of lymphoma in other natural and acquired immunodeficiency
In addition, the absence of either HIV or SIV proviral DNA in tumor tissues from humans or monkeys, respectively, indicates that the role of these lentiviruses in tumor development is possibly indirect.
This study is a detailed histopathologic and immunophenotypical analysis of lymphosarcomas of natural or experimental FIV infection using a novel panel of monoclonal and polyclonal anti-feline or cross-reactive anti-human antibodies. The results are considered with respect to a molecular analysis of the same tumors.36
Materials and Methods
Eight domestic short-haired cats with lymphosarcoma were studied ( Table 1) . Two cats (Nos. 1, 2) with experimental FIV infection were from a group of 20 specific-pathogen-free cats that had been infected by intraperitoneal inoculation with FIV/Glasgow-8 when 12 months ofage. The remaining six cats (Nos. 3-8) had naturally acquired FIV infection, and two of these animals (Nos. 7, 8) also had FeLV infection.
The cats were confirmed FIV positive by enzyme-linked immunosorbent assay (ELISA) (Petcheck FIV antibody de- tection kit, IDEXX Laboratories) and virus isolation and FeLV p27 antigen positive by ELISA (Petcheck FeLV antigen detection kit, IDEXX Laboratories). Postmortem examinations were performed immediately after euthanasia in six of the eight cats and within 12 hours of death in the remaining two cats. Tissues from 3 1 predetermined organs or sites and multiple sections of tumor tissue were fixed in 10% neutral buffered formalin. In the five cats (Nos. [1] [2] [3] [4] 8) in which immediate necropsies were performed, selected tissues (including tumor tissue) were also snap frozen in liquid nitrogen and stored at -70 C.
Sections of formalin-fixed, paraffin-embedded tissues were cut at 5 hm and stained with hematoxylin and eosin. Selected sections were also stained by Giemsa and by Gordon and Sweet's method for reticulin. Histologic classification of lym-phosarcoma was based on the updated G e l Classification2' together with the knowledge of feline germinal center cell morphology3 and the staining distribution patterns of a selection of antibodies in feline lymphoid
Immunostaining was performed on both paraffin-embedded and cryostat sections of tumor tissue using a novel panel of antibodies ( Table 2 ) that detected lymphoid subsets, the follicular dendritic cell network, and macrophages in the normal feline lymph n~d e .~,~* Cryostat sections were used for detecting CD3, CD4, CD5, CD8, major histocompatable complex (MHC) 11, B29, Mb-1, CD21, and bcl-2 antigens, and paraffin-embedded tissues were used for detecting immunoglobulin heavy and light chains and Mac 387+ cells. Antibodies were incubated with tissue sections overnight. The avidin-biotin complex (ABC) technique (Vectastain ABC Kit, Vector Laboratories, Peterborough, UK) or alkaline phosphatase anti-alkaline phosphatase (APAAP) technique4 were employed with 15 minutes trypsin digestion (0.1% trypsin, 0.1% calcium chloride in Tris-buffered saline) on formalin-fixed, paraffin-embedded tissues. Normal feline lymph node tissue stained with monoclonal anti-CD4 or anti-CD8 antibodies were positive controls, and primary antibody was omitted from tumor tissue and normal feline lymphoid tissue to provide negative controls.
Results

Distribution of lymphosarcoma cells
Lymphosarcomas were observed in three groups of cats, classified according to their viral status ( Table 1) . Cat Nos. 1 and 2, with experimentally induced FIV infections, developed tumors at 9 and 12 months, respectively, after infection ( Fig. 1 ). Cats with naturally acquired infections (Nos. [3] [4] [5] [6] were older (> 8 years) when they presented with lymphosarcoma than cat Nos. 7 and 8, with naturally acquired FIV and FeLV infections, which were much younger (< 5 years).
Seven ofeight cats presented with a variety ofclinical signs that could be related to the location of the tumors. However, in cat No. 1 the diagnosis of tumor masses in the liver and kidney was only made postmortem.* Based on an anatomic classification of feline lymphosarcoma,19 two animals (Nos. 2, 4) presented with alimentary lymphosarcoma with secondary deposits in renal, hepatic, respiratory, and lymphoid tissues. Cat No. 8 had lymphocytic leukemia with tumor deposits in the liver and pancreatic lymph nodes. The remaining cats had more uncommon tumor distributions involving the heart (Fig. 2 ), eye, spinal cord, and brain; these tumors were placed in the ''miscellaneous'' category, which is the least common subgroup. With the exception of cat No. 6, which had a solitary central nervous system (CNS) lymphosarcoma adjacent to the pituitary gland and invading the optic chiasm and hypothalmus, tumor deposits were present in two or more sites.
Histopathologic classification of lyrnphosarcomas
Using the updated Kiel classification system,21 tumors in seven cats were classified as high grade and of the centroblastic or immunoblastic subtypes (Table 3 ). In five cats (Nos. 1, 3-6), the tumor tissues were composed mainly of centroblasts with variable numbers (> 10%) of immunoblasts, which was consistent with the polymorphic centroblastic subtype (Fig. 3 ). In con- liver and pancreatic lymph node in cat No. 8, with a lymphocytic leukemia, were composed of sheets of a relatively monotonous population of small mononuclear cells with pale irregular nuclei containing one to three small basophilic nucleoli and with pale or indistinct cytoplasm (Fig. 5 ).
Immunophenotyping of lymphosarcomas
Immunostaining indicated that all of the lymphosarcomas apart from that of cat No. 8 were of a B-cell phenotype with immunoglobulin heavy-chain expression in large numbers of blast cells with concomitant K or h light-chain expression ( Fig. 6 ). Three of the five tumors examined also expressed the Mb-1 antigen but were negative for B29 expression ( Fig. 7) . MHC class I1 antigen was detected on three of five tumors ex- amined. The pattern of neoplastic cell distribution in six of the lymphosarcomas and in the lymphoid leukemia was diffuse, with the remaining cat (No. 4) having a more nodular pattern. Within these nodules, an extended CD2 1 -positive follicular dendritic framework was observed ( Fig. 8 ). Five tumors were also screened for bcl-2 expression, which was observed only in cells of the cat with lymphocytic leukemia (Fig. 9 ). The leukemic cells in this cat were the only cells that failed to react with any of the anti-T-cell or anti-B-cell antibodies used in the study. T-cell infiltrates were observed in cryostat sections of five tumors examined (Table 4 ). Infiltrating cells expressed CD3 and either CD4 or CD8 (Fig. 10) . CD8+ cells were usually present in greater numbers. In addition, many of these infiltrating cells coexpressed MHC class 11, CD5, or bcl-2 antigens. Plasma cells containing cytoplasmic heavy-chain immunoglobulin or B cells containing surface immunoglobulin were also observed infiltrating in six tumors. Mac 387+ macrophages were observed in one tumor (Fig. 11 ). Molecular analysis was performed on five cats (Nos. 1-4, 8)36 (Table 5 ). FIV proviral sequences were not detected in tumor cell DNA from four of five cats examined. FeLV proviral DNA was detected in cat No. 8. Within the tumor, there was also a clonal rearrangement of the T-cell receptor (TCR) gene, suggesting that the cells were thymic in origin. In contrast, immunoglobulin gene rearrangements were detected in two of four cats tested, supporting further the classification of these samples as being of B-cell origin.
Discussion
Both animal and human retroviruses have provided valuable information on the etiology and pathogenesis of virally induced c a n c e r~.~~~J~~~~ Recent studies on FIV suggest that this lentivirus may also have a role in tumor develop- ment. 1,2~15,26.29,34,40 Although seroepidemiologic surveys have documented lymphosarcomas in up to 21% of FIV-infected cats,' most studies report tumors in < 10% of cases. This low incidence, coupled with the indolent nature of disease development, makes it difficult to obtain sufficient material of good quality to assess the role of FIV in tumor development. We present here the first report of the histopathologic and immunophenotypical profiles of lymphosarcomas observed in a series of cats with natural and experimental FIV infection. In addition, the screening and application of a novel panel of antibodies together with the implementation of an updated classification system provided valuable information on the cell origins of FIV-associated lymphosarcomas and allowed the opportunity to compare findings with those of lymphosarcomas associated with HIV and SIV infections.
Current convention in the classification of feline lymphosarcoma is based on original studies by Jarrett and Mackey,19 who classified tumors into muhicentric, alimentary, thymic, miscellaneous, and leukemic forms. In the present study, sites of tumor distribution were often unusual and predominantly extranodal, a finding also seen in other studies.I5 Tumor presentations were predominantly of the "miscellaneous" form, with involvement of heart, eyes, brain, and spinal cord. These are the least common presentations in FeLV infections.11, 37.39 In contrast to a previous study in which tumors were often identified in one site only,l5 in this study, with the exception of cat No. 6, tumors were usually identified in two or more sites. This difference may be explained in part by the more extensive tissue sampling in the present study. In humans and monkeys, lentivirus-associated lymphosarcoma is often extranodal, with involvement of uncommon sites.x. 22 Two cats developed spinal lymphosarcoma, and a third had a solitary CNS lymphosarcoma. In humans, primary CNS lymphosarcoma is described with increasing frequency in AIDS patients, although spinal cord involvement is rare and usually secondary.I2 In monkeys, spinal cord involvement has also been reported in association with SIV infection, but this distribution is also r a~e .~.~~ Myeloproliferative disorders in experimentally induced FIV infection40 were not observed in this study. However, the lymphocytic leukemia identified in a naturally infected cat was similar to that identified in four cats,I5 all of which were also infected with FeLV. Southern blot analysis of DNA from the leukemic cat in the present study indicated that the leukemic cells were clonal and of T-cell origin and contained integrated FeLV proviral DNA.36 These data, although preliminary, suggest that these disorders are due directly to FeLV infection and that FIV plays at most a synergistic role in their development.
Microscopically, the remaining seven tumors were classified as high-grade B-cell lymphosarcoma of centroblastic or immunoblastic subtypes. The feline lymph node germinal center is similar in morphology and cell content to that of humans3 which allows the identification of centrocytes, centroblasts, immunoblasts, and follicular dendritic cells. In addition, the selection of a broad range of monoclonal and polyclonal antibodies facilitated the use of the updated Kiel classification for these tumors. The tumors contained one or more of the blast cells types and in one cat partially retained germinal center morphology with an expanded follicular dendritic cell network. Although such findings suggested that these tumors were of B-cell origin, the use of immunohistochemical techniques allowed a more detailed and accurate classification. Therefore, this study provides a basis for the examination and classification of larger series of tumors in the future. With the ever-increasing availability of antibodies and techniques to unmask antigen in paraffin-embedded tissues, it will be possible to investigate feline lymphosarcomas in depth by the analysis of archival material.
In the course of this study, a panel of anti-cat antibodies and cross-reactive anti-human antibodies were screened for suitability in immunohistochemical reactions. Antibodies that recognized T-cell subsets, B cells, plasma cells, macrophages, and the FDC network were identified. Antigen expression by the tumor cells correlated well with histopathologic findings, confirming that the lymphosarcomas (excluding cat No. 8) were of B-cell origin but contained infiltrates of T cells, B cells, plasma cells, and macrophages. The B-cell origin of neoplastic cells was supported by the observation of immunoglobulin gene rearrangements in two of four cats ex-a~n i n e d .~~ Mb-1 and B29 are antibodies to products of the Mb-1 and B29 genes, which are associated with surface immunoglobulins on B cells of humans and mice. 23, 24 In the cat, these antibodies stain mantle zone cells and germinal center cells with Mb-1 expression in a greater proportion of germinal center cells and also on plasma cells.24 Therefore, their expression appears to be differentially regulated, which may account for the fact that in this series tumors that expressed Mb-1 did not express B29.
Expression of immunoglobulin heavy chain with either K or h light chains was also a feature of these tumors, indicating that they were of B-cell origin. Many of the tumor cells and infiltrating cells expressed MHC class I1 antigen, which, unlike its expression in humans and mice, is present on both B and T cells in the cat. 32 One cat tumor retained germinal center conformation; there was evidence of proliferation of the FDC network as identified by anti-human CD21 antibody. Although the antigen recognized by this antibody 27 1 (complement 3b) is expressed at low levels on a subset of B cells in the Bcl-2 is an inner mitochondrial membrane protein that blocks programed cell death.13 In humans, this protein is expressed on mature thymocytes, mantle zone B cells, and individual cells within the germinal centers, and it is also frequently expressed on follicular lymphomas. In this study, an antibody raised against a synthetic peptide of human bcl-2 stained lymphocytic cells weakly within the T-dependent zones, mantle zone, and individual germinal center cells of the normal feline lymph node (data not shown). However, there was no bcl-2 expression in the FIV-associated B-cell tumors, although there was expression on infiltrating T cells that phenotypically and morphologically resembled mature thymocytes. This distribution was unusual, especially because follicular lymphomas in humans frequently show bcl-2 expression.28 This finding may reflect differences in the sensitivity of the detection techniques in each study. However, there was strong bcl-2 expression in the leukemic cells of cat No. 8, which did not express B-or T-cell-specific antigens. Although both morphologically and phenotypically these cells did not resemble mature T lymphocytes, they possessed TCR gene rearrangements supporting a T-cell origin. These tumour cells also contained FeLV proviral DNA. Although a relationship between bcl-2 expression and FeLV infection and tumor induction has not been investigated, bcl-2 expression was also intense on the T17, L74, and F422 T-cell lines that were derived from FeLV-associated tumors (unpublished data).
Tumor tissue regularly contained infiltrates of mature T cells, occasional B cells, plasma cells, and macrophages. Cells were often located in perivascular regions, and the T cells were mainly CD8 +. Although macrophages were observed within tumor tissue in three cats, these cells did not react with Mac 387 antibody, indicating that the antibody only reacts with a subset of macrophages. In regions of necrosis, mixed inflammatory cell infiltrates were also present. Although there was no incorporation of FIV genome into the tumor cells, these infiltrating cells may harbor virus.
FIV proviral sequences were not detected in the DNA of cells from any tumors in the present Such findings are similar to those observed in HIV-and SIV-associated lymphosarcomas, where tumor tissue usually contains no viral sequence^. ^^^^ In conclusion, tumor development in HIV and SIV infection appears to be an indirect effect of viral infection, leading to polyclonal B-cell activation, cytokine/growth factor production, immunodeficiency, proto-oncogene deregulation, and concurrent Epstein-Barr virus (EBV) infections. In the cat, FIV-associated lymphosarcomas share similar morphologic, histochemical, and molecular qualities, also supporting an indirect role of FIV in tumour development. FIV induces an activation of lymphoid tissues with exuberant follicular hyperplasia, hypergammaglobulinemia, and increased serum cytokine levels,2~20~31~3s which all may facilitate malignant transformation of B cells. There is no association of lymphosarcoma with an EBV or EBV-like agent in the cat. The absence of such an agent may in part explain a lower incidence of tumors associated with lentiviral infection in this species compared to humans and monkeys. no tumor cells expressed the antigen.
